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Abstract
Ni-coated Si3N4 composite powders were prepared successfully via electroless plating by using sodium hypophosphate (NaH2PO2) as

reducing agent. The Ni coating layers contained 12 wt.% phosphor and were dominantly amorphous with a thickness of 20–60 nm. The

sintering properties of Ni–Si3N4 composite were improved by adding Mo2C into Si3N4 powders, in which Mo2C formed liquid to improve the

a–b transformation of Si3N4, and Mo2C converted into MoSi2 after sintering. The composite powders were densified by hot-pressing at

1600 8C. The final crystal phases of the sintered samples were Si3N4, Ni and MoSi2.
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1. Introduction

Silicon nitride ceramics have been investigated as high-

temperature materials for their excellent characteristics [1].

The wide use of silicon nitride is still limited due to its

catastrophic fracture. By combining Si3N4 with metal

phases homogeneously, materials with high fracture tough-

ness can be achieved and the materials may also be

processed by electrical discharge machining (EDM). For

example, by mechanical alloying of Ti and Si3N4 mixture, a

Ti–Si3N4 composite were prepared which could be

deformed plastically at 1300 8C and its wear-resistance

was also greatly improved as compared to Si3N4, thus it

could be used in the fields of plastic working and anti-

abrasion [2]. Nickel, with excellent corrosion-resistance and

wear-resistance properties, may also be used as a ductile

phase to improve toughness of brittle nitride.

In recent years, various coating methods have been

developed, by which the uniformity of the components can

be improved, which leads to the improvement of the

sintering property and the stability of materials [3–5].

Electroless plating presents an easy and effective coating
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technique, which can be applied on almost all material

surfaces, either conductive or nonconductive, and regardless

of the size and shape of the substate [6–10].

In the present study, Ni-coated Si3N4 powders and their

composites have been prepared through electroless plating

and then sintered at relatively low temperature.
2. Experimental procedures

Homemade Si3N4 powders (a% = 93 wt.%, D50 = 1.7 um)

were used for coating. The other reagents used in the

experiment were all analytical-grade reagents. The compo-

sitions of the solutions and the processing conditions used

are listed in Table 1. Si3N4 powders were first immersed into

NaOH solutions, which resolved in the formation of

micropores on the Si3N4 surfaces by erosion to increase

the adsorptive capacity. This process is so called roughening.

Then the roughened powders were immersed into acid

stannous chloride (SnCl2) solutions, in which SnCl2 could

hydrolyze into Sn(OH)Cl and be absorbed on the Si3N4

particles. This process can be called sensitizing. After that,

the sensitized powders were immersed into the acid

palladium chloride (PdCl2) solutions, in which Pd2+ reacted

with Sn(OH)Cl to form Pd nuclei on the Si3N4 surfaces. The
ved.



He Wanbao et al. / Ceramics International 31 (2005) 811–815812

Table 1

The compositions of roughening, sensitizing, activating and electroless baths and process time

Roughening bath Sensitizing bath Activating bath Eletroless plating bath

Reagents NaOH (1 M) SnCl2�2H2O HCl (12 M) PdCl2 HCl (12 M) NiCl2�6H2O NaH2PO2�H2O Na3C6H5O7�2H2O

Concentration 10 ml/g 20 g/l 40 ml/l 0.20 g/l 2.5 ml/l 52 g/l 51 g/l 30 g/l

Process time 30 min 5–10 min 3–5 min 30 min
Pd nuclei will act as the cores of crystallization during

electroless plating. After this so called activating process,

Si3N4 powders were immersed into the electroless plating

solutions for coating at 40 8C. During the process, all

solutions were stirred with an electromagnetic stirrer to

avoid particle settling, and powders were thoroughly rinsed

using de-ionized water in every step to prevent contamina-

tion of solutions. In every batch 40 g/l Si3N4 powders were

processed in the electroless plating solutions for 30 min.

The as-prepared composites powders were then hot-

pressed in the atmosphere of N2 at 1600 8C for 1 h under

uniaxial pressure of 16 MPa.

The morphologies of initial and as-coated powders were

characterized by transmission electron microscopy (TEM)

(JEM200CX). The chemical compositions of the coated

powders were determined by X-ray fluorescence spectro-

scopy (XRF). The phase compositions were determined by

X-ray diffractometry (XRD).

The morphologies and elements distributions of sintered

samples were determined by backscattered electron image

(BSE). The bulk density was determined using Archimedes

principle. The bending strength (sf) was determined by

three-point bending method, and the fracture toughness

(KIC) was determined on indentation hardness tester.
3. Results and discussion

3.1. The preparation and characterization of the

composite powders

The morphologies of the initial powders and as-coated

powders are shown in Fig. 1. The initial powders showed a
Fig. 1. The morphologies of the initia
clean surface of grains, while the grains of the as-coated

powders were surrounded by small particles. The coatings

distributed on all areas of the Si3N4 grains regardless of their

size and shapes. The thickness of the coating layers is

estimated to be 20–60 nm according to the TEM pictures

(Fig. 1). To further determine the coating results, the coated

powders are inlaid and polished, the cross-section of the

coated powders were observed by BSE. In Fig. 2, the dotted

arrow points to a uniform bright layer, which is the

characteristic of metal phase. In connection with the XRD

analysis (Fig. 3) the bright layer is identified as Ni. The solid

arrow points to a Si3N4 grain. Fig. 2 indicates that Si3N4 was

coated with a uniform Ni layer, and the XRF results indicate

that both Ni and P existed in the coated powders, and there

are 12 wt.% phosphors in the coating alloys (Table 2). This

was because of the use of NaH2PO2 as the reducing agent. A

broadened peak at around 2u = 458 can be seen in XRD

pattern (Fig. 3), and this is the typical pattern of amorphous

materials. This result is consistent with previous studies

that electroless nickel deposits may have structures from

extremely small crystallites to fully amorphous [10] and Ni–

P alloys with more than 8 wt.% phosphors are dominantly

amorphous [10,11].

3.2. Sintering of the composite powders and

characterization of sintered samples

The as-prepared composites powders were hot-pressed in

the atmosphere of N2 at 1600 8C for 1 h under uniaxial

pressure of 16 MPa. In the sintering 10 wt.% Mo2C was

added to improve the densification.

The bulk density of the sintered samples was 3.32 g/cm3,

the bending strength (sf) was 403 � 3MPa, and the fracture
l (a) and as-coated (b) powders.
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Fig. 2. BSE pictures of a coated particle.
Fig. 3. XRD pattern of the coated particles.

Table 2

XRF results of the coated powders

Components Contents (%)

Si3N4 81.5

P 2.2

Ni 16.1

Sn 0.12

Pd 0.04
toughness(KIC) was 7.4 � 0.1 MPa m1/2. XRD results

(Fig. 4a) show that in the samples only b-Si3N4, Ni and

MoSi2 could be identified. The initial a-Si3N4 has been all

converted into b-Si3N4, and Mo2C disappeared while MoSi2
is observed.

To investigate the role of Mo2C in the sintering of Si3N4–

Ni composites, 84 wt.% Si3N4–16 wt.% Ni and 89.4 wt.%

Si3N4–10.6 wt.% Mo2C were prepared according to the

same proportions in the sintered Si3N4–Ni–Mo2C compo-

sites. XRD results show that b-Si3N4 and a-Si3N4 are

present in the 84 wt.% Si3N4–16 wt.% Ni composites

(Fig. 5a) and there is still 64 wt.% a-Si3N4 in the composite.

No Ni and Ni–Si compounds peaks in the XRD pattern are

found. b-Si3N4, a-Si3N4 and a-Mo2C are present in the

89.4 wt.% Si3N4–10.6 wt.% Mo2C composites (Fig. 5b),
Fig. 4. The XRD pattern (a) and the morphology of the fr
which indicates that without Ni Mo2C did not react with

Si3N4 to form MoSi2 at 1600 8C and the generation of MoSi2
in Si3N4–Ni–Mo2C is due to the presence of Ni. There is still

66 wt.% a-Si3N4 in the Si3N4–Mo2C composite. As for Ni–

Mo2C, Ni and Mo2C form a solid solution below 1250 8C
and becomes liquid above 1250 8C [12].

The sintering mechanism can be that during the sintering

Mo2C first form Ni–Mo2C solid solution below 1250 8C, and

above 1250 8C, liquid phase appears and the liquid is

important for the a-Si3N4 transformation to b-Si3N4.

Meantime, the liquid reacts with Si3N4 to form MoSi2.

The BSE pictures (Fig. 6) show that there are three

contrast grades in the composite. In the bright areas (point 1)

there are mainly Si, Mo and a little Ni, while the dark areas

(point 2) are the main crystal grains containing mainly Si

element, and in the brighter areas (point 4) there are mainly

Si, Mo, Ni and P. In connection with the XRD result

(Fig. 4a), the phases in the dark, bright and brighter areas are

b-Si3N4, MoSi2 and MoSi2 with Ni, respectively. In the

sintered composite, b-Si3N4 was the main phase, Ni and

MoSi2 were distributed on the grain boundaries of b-Si3N4.

The morphologies of the fracture surface (Fig. 4b)

indicate that Si3N4 did not form rod-like crystals and the

crystal grains were small and bonded to each other. The

fracture mode of the composites was transcrystalline

rupture.
acture surface (b) of sintered Si3N4–Ni–10% Mo2C.
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Fig. 5. The XRD pattern of sintered 84 wt.% Si3N4–16 wt.% Ni (a) and 89.4 wt.% Si3N4–10.6 wt.% Mo2C (b).

Fig. 6. The BSE pictures of sintered Si3N4–Ni–10% Mo2C.
4. Conclusions

(1) Ni-coated Si3N4 powders could be prepared via the
electroless plating of nickel on Si3N4 particles. The

electroless nickel layers contained 12 wt.% phosphors

and were dominantly amorphous. The thickness of the

nickel coating layers was 20–60 nm.
(2) M
o2C improved the sintering properties. The bulk

density of the sintered samples was 3.32 g/cm3, the

bending strength (sf) was 403 � 3 MPa, and the fracture

toughness (KIC) was 7.4 � 0.1 MPa m1/2. The fracture

mode of the composites was transcrystalline rupture.
(3) T
he phases of the sintered samples were Si3N4, Ni and

MoSi2. b-Si3N4 was the main phase and Ni and MoSi2
were distributed on the grain boundaries of b-Si3N4.

During the sintering, Ni–Mo2C first formed liquid, then

a–b transformation of Si3N4 occurred in the liquid, the

liquid reacted with Si3N4 to form MoSi2 after sintering.
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